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ABSTRACT
Bacterial IIC introns are a newly recognized sub-
class of group II introns whose ribozyme properties
have not been characterized in detail. IIC introns
are typically located downstream of transcriptional
terminator motifs (inverted repeat followed by T’s)
or other inverted repeats in bacterial genomes. Here
we have characterized the self-splicing activity of
a IIC intron, B.h.I1, from Bacillus halodurans. B.h.I1
self-splices in vitro through hydrolysis to produce
linear intron, but interestingly, additional unexpec-
ted products were formed that were highly depen-
dent on ionic conditions. These products were
determined to represent alternative splicing events
at the 50 junction and cleavages throughout the RNA
transcript. The alternative splicing and cleavage
events occurred at cryptic splice sites containing
stem–loop and IBS1 motifs, suggesting that the 50
exon is recognized by both elements. These results
provide the first example of a group II intron that
uses 50 splice sites nonadjacent to the ribozyme
structure. Furthermore, the data suggest that IIC
introns differ from IIA and IIB introns with respect to
50 exon definition, and that the terminator stem–loop
substitutes in part for the missing IBS2–EBS2
(intron and exon binding sites 2) interaction.
INTRODUCTION
Group II introns are catalytic RNAs and retroelements found
in bacterial genomes and in organellar genomes of plants,
fungi and algae. The catalytic RNA portions of the introns
fold into a conserved structure that is capable of self-excision
from precursor transcript. In addition to this ribozyme por-
tion, many group II introns encode reverse transcriptase
(RT) ORFs within domain IV of the RNA structure, which
allow the introns to act as retroelements (1–5).
Group II ribozymes are classiﬁed as IIA, IIB and IIC,
based on conserved features of their RNA secondary
structures (6–9). While all three classes have the same
general secondary structure elements, there are signiﬁcant
differences both structurally and functionally. IIA and IIB
introns, which are the most extensively characterized, share
a common mechanism for 50 exon deﬁnition, but differ in
30 exon deﬁnition. In both types of introns, the 50 exon is
recognized through two Watson–Crick base pairing inter-
actions, IBS1–EBS1 (intron and exon binding sites 1) and
IBS2–EBS2 (intron and exon binding sites 2). Each inter-
action consists of  6 bp between the 50 exon and a region
in domain ID of the intron. Together these interactions anchor
the 50 exon to the ribozyme for the two splicing steps, during
which the 50 exon is cleaved from the intron in the ﬁrst step,
and attacks the 30 intron–exon junction in the second step
(10,11). For 30 exon deﬁnition, IIA and IIB introns use a
different single Watson–Crick base pairing. For IIA introns,
d’ is the ﬁrst nucleotide of the 30 exon, and pairs with the d
position in domain ID3 (12). For IIB introns, the ﬁrst nucle-
otide of the 30 exon is called IBS3, and pairs with EBS3 in
domain ID(III) instead of with d0 (13). Another signiﬁcant
structural difference between IIA and IIB introns is the e0
motif, which is a  14 nt bulge in IIA introns and a 4 nt
bulge in IIB introns; in this case the difference does not
correspond with a known functional variation. Other minor
structural differences can be found in (8,9).
IIC introns differ fairly dramatically from IIA and IIB
secondary structures (3,8,14). IIC introns are abbreviated in
size, and while domain V is highly conserved, its distal
stem is 2 bp shorter than for IIA and IIB introns, and its
basal stem has a CGC in place of the highly conserved
AGC triad (8,14) (Figure 1). The e0 region of IIC introns
has a unique 11 nt bulge motif with a highly conserved
AGGAA sequence, while the EBS3 motif is the same as for
IIB introns, presumably along with the mechanism of 30 exon
recognition. Like IIA and IIB introns, IIC introns have an
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than 6 bp as for IIA and IIB introns (Figure 1). Importantly
for this study, IIC introns lack an EBS2 motif in the ribo-
zyme structure, as well as a corresponding IBS2 motif in
the 50 exon. Instead, a stem–loop of an intrinsic terminator
is located at the usual position of IBS2 (Figure 1). It is not
known if the missing IBS2–EBS2 interaction is compensated
functionally by another, as yet uncharacterized interaction.
The presence of the terminator motifs in 50 exons of IIC
introns is best rationalized by the retroelement properties of
IIC introns. All known IIC introns are components of
retroelements, and introns of this class are observed to insert
after transcriptional terminators or similar stem–loop motifs
(15,16). This insertion speciﬁcity is a consequence of the bio-
chemical mechanism of the mobility reaction (A. R. Robart,
W. Seo and S. Zimmerly, manuscript submitted).
Our understanding of group II ribozymes comes mainly
from the study of IIA and IIB introns found in mitochondria.
Characterized introns include the yeast mitochondrial introns
aI5g (cox1I5) (IIB RNA structure) (17), cob1I1 (IIB) (18),
cox1I1 (IIA) (19), the Pylaiella littoralis mitochondrial intron
LSUI2 (IIB) (20) and Podospora anserina mitochondrial
intron cox1I1 (IIA) (21). In contrast, IIC introns have yet to
be characterized extensively, and they are only found in
bacteria. The only IIC intron tested is the GBSi1 intron of
Streptococcus agalactiae (14). This intron was reported to
have the unusual property of self-splicing through the hydro-
lysis pathway rather than the branching pathway, yielding lin-
ear intron rather than lariat. The possibility was considered
that the terminator motif might affect splicing, but its deletion
was not found to affect the reaction (14).
Interestingly, several bacterial introns have exhibited novel
self-splicing properties compared to mitochondrial introns.
A group II intron of Azotobacter vinelandii, which was alter-
nately designated Avi.groEL (6) or AV (22), has been
shown to self-splice at unexpectedly high temperatures. Mito-
chondrial introns generally self-splice at 42–45 C (11,23),
but the Avi.groEL intron version tested by (6) had a splicing
optimum of 55 C. The more streamlined AV construct tested
by Adamidi et al. (22) had an optimum of 65 C. The high
temperature optimum was speculated to be involved in the
function of its host heat-shock gene groEL, although curi-
ously the intron is inserted into the stop codon and does not
affect the ORF sequence. In another example, an intron of
Bacillus anthracis, B.a.I2, was shown to undergo alternative
splicing, both in vitro and in vivo, which presumably controls
Figure 1. Secondary structure of the B.h.I1(B) intron, a representative of group IIC introns. The six domains of the intron RNA structure are shown with black
lettering, and exons with gray lettering. Domain IV encodes a 1.3 kb ORF, which is denoted by a dotted line. Tertiary interactions within the intron structure are
indicated with Greek letters. Of these, the non-Watson–Crick interactions k, q, l and z are predicted by analogy with other introns, but have not been confirmed
for any IIC introns. The pairing interactions IBS1–EBS1, IBS3–EBS3 and g–g0 are involved in 50 and 30 exon recognition, and are highlighted by dotted lines.
Like other IIC introns, B.h.I1(B) lacks an EBS2 motif in domain ID (gray circle), and the 50 exon contains a terminator stem–loop in the position where the IBS2
is located in IIA and IIB introns.
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intron of Sinorhizobium meliloti has been shown to produce
noncognate cleavages in in vitro reactions (25,26), while
the Bacillus cereus intron B.ce.I4 has an in vivo splice site
56 nt downstream of the expected 30 boundary (27). The
most studied of bacterial group II introns, Ll.ltrB of Lacto-
coccus lactis, has been characterized for its maturase-assisted
splicing reaction, but its self-splicing properties have not
been reported to be unusual (28–30).
Here we have characterized the ribozyme properties of the
IIC intron B.h.I1 of Bacillus halodurans.T h eB.h.I1 intron is
present in the B.halodurans genome in ﬁve copies having
>99.8% identity. Four copies are in analogous locations at
the end of ribosomal RNA (rrn) operons (31), and are
denoted here as B.h.I1(B), B.h.I1(D), B.h.I1(F) and
B.h.I1(G) because they are located after rrn operons B, D,
F and G, respectively. The ﬁfth copy, B.h.I1(X), is located
downstream of a terminator-like motif, but its exons have
no sequence identity with the other four copies. Self-splicing
assays show B.h.I1(B) to be an active ribozyme in vitro, but
unexpected products are produced that are due to noncognate
recognition of cryptic 50 exons, thus resulting in alternative
ligation of exons and cleavages at cryptic 50 exon-intron
boundaries. The data suggest that the 50 exon stem–loop
motif strongly inﬂuences exon recognition, and that exon
recognition of IIC introns has features distinct from that of
IIA and IIB introns.
MATERIALS AND METHODS
Growth of cells and preparation of genomic DNA
Escherichia coli (DH5a) was grown and DNA was prepared
by standard methods (32). B.halodurans C-125 (obtained
from Hideto Takami, Japan Marine Science and Technology
Center) was grown in alkaline medium (ATCC medium #18)
overnight at 37 C with shaking (31). Genomic DNA was pre-
pared from 1.5 ml stationary phase culture. Pelleted cells
were washed and resuspended in 0.45 ml of disruption buffer
[30 mM Tris–HCl (pH 7.4), 100 mM NaCl and 5 mM
EDTA], followed by the addition of 0.1 mg of lysozyme
and 50 mg of RNase A and incubation at 37 C for 10 min.
Lysis was by the addition of 0.1 mg proteinase K and SDS
to a ﬁnal concentration of 1% with incubation at 37 C for
45 min. The sample was repeatedly extracted with an equal
volume of phenol-CIA (25:24:1 of phenol:chloroform:
isoamyl alcohol) until there was a clear interface upon centri-
fugation, followed by ethanol precipitation in the presence of
0.3 M NaOAc (pH 5.2). The pellet was washed with cold
75% ethanol, air-dried and dissolved in TE [10 mM Tris–HCl
(pH 7.4) and 1 mM EDTA].
Plasmid constructs
The B.h.I1 intron was PCR ampliﬁed from genomic DNA in
two pieces to delete 1208 bp of the ORF, using the primers
BhAS1 (50-CCTCTCTTCGTGTCCCCAGCGAGAT) and
Bh50NGS1 (50CGGGATCCAGCGACGACAGACCGGAG-
CGTACAC), and BhS1 (50-CGAAGAGAGGGTCGCTCAC-
AGCCCGATCATGGATT) and Bh30NGAS1 (50-CCATCG-
ATTCGGGCATTGCCTCAGCTTCCTCGA). The two
pieces were ligated by recombinant PCR, and the DNA was
cloned into the BamHI and ClaI sites of pBluescript KS+
(Stratagene, La Jolla, CA) to yield the plasmid pBh6.
The 50 exon in this construct is identical to B.h.I1(B, D, F,
G) genomic copies, while the 30 exon corresponds to the
B.h.I1(B). The B.h.(X) intron copy was similarly ampliﬁed
from genomic DNA in two ampliﬁcations with the primers
BhAS1 and 50-CGGGATCCGAGTAAGAGGCGCGGTTCT-
TGGCGG, and BhS1 and 50-CCATCGATCAGATCACCTT-
CCTGCCGCTGAACC, followed by recombinant PCR and
cloning into the SmaI site of pBluescript KS+. For all remain-
ing constructs, the inserts were cloned into the EcoRV site
of the polylinker. The pDterminator insert was ampliﬁed
from pBh6 with the primers 50-AAGCGATAAATTT-
TTTAGGTGTGCCAGGCATGCGC and Bh30NGAS1; the
pDterminatorDIBS1 insert was ampliﬁed from pBh6 with
the primers 50-AAAAAAAAGTGTGCCAGGCATGCGCA-
TATTCTC and Bh30NGAS1; and the pDIBS1 insert was
ampliﬁed from pDterminatorDIBS1 with the primers 50-GCA-
CAATCCAATCGGGTTGTGCAAAAAAAAGTGTGCCA-
GGCATGC and Bh30NGAS1. All plasmid constructs were
conﬁrmed by sequencing.
In vitro transcription and self-splicing reactions
The templates for in vitro transcription were linearized with
ClaI, except for the 30 exon extension experiments, where
plasmid was linearized with PvuII. Transcription was in a
volume of 40 ml of 40 mM Tris–HCl (pH 8.0), 8 mM
MgCl2, 2 mM spermidine, and 50 mM NaCl, 1 mM NTPs,
5 mM DTT, and 0.05% Triton X-100, and with 1 mg template
and 2 ml T7 RNA polymerase (noncommercial source, unde-
termined activity). The reaction was incubated at 37 C for
1 h followed by phenol-CIA (25:24:1) extraction and ethanol
precipitation in the presence of 2.5 M NH4OAc. For radio-
labeled transcript, reactions contained 2 mlo f[ a-
32P]UTP
(10 mCi/ml; 3000 Ci/mmol; Amersham, Piscataway, NJ).
Transcript was resuspended in TE.
For self-splicing reactions,
32P-labelled (27000 c.p.m.)
or cold transcript (200 ng) was ﬁrst prefolded in a PCR
machine (Perkin Elmer GeneAmp 2400, Norwalk, CT) with
incubations at 90 C for 1 min, 75 C for 5 min and slow
cooling to 45 C over 15 min. Buffer was added to a ﬁnal
volume of 50 ml of 100 mM MgCl2,2MN H 4Cl and
50 mM Tris–HCl (pH 7.5), and the reaction was incubated
at 55 C for 15 min. Alternative reaction conditions were
with 0.5, 1.0, or 2.0 M NaCl substituted for 2 M NH4Cl,
or with 10 mM MgCl2 or 10 mM MnCl2 substituted for
100 mM MgCl2. The splicing reaction was ethanol preci-
pitated with 0.3 M NaOAc (pH 5.2) and resuspended in
formamide dye [95% formamide, 5 mM EDTA (pH 8.0),
0.1% of xylene cyanol and 0.1% of bromophenol blue],
heated to 85 C for 2 min and resolved on a 4% polyacry-
lamide (19:1 acrylamide:bisacrylamide ratio)/8 M urea
gel. For the unspliced control, reactions were done in
parallel without MgCl2 or monovalent salts. For the
oligonucleotide-directed disruption of the terminator stem,
2.5–400 ng of the oligonucleotide 50 GCACAACCCGATTG-
GATTGTGCTTTATCGCTTGGC was added to 54 000 c.p.m
transcript in a volume of 4 ml during the prefolding step
to allow annealing of the oligo to the exon. The substrate
was diluted into a splicing reaction of 50 ml with
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conditions.
Primer extension, PCR and RT–PCR
Primer extension and RT–PCR were with Superscript II
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocols. Primer extension was with the 50 end-labeled
primers BhASPE1 (50 end mapping; 50 TTAGGCAATCT-
CACCCAAGTCTAC), and BhI130endAS (30 ICP cleavage
mapping; 50 ATCGAGTAGGAGGGGGTGACTAA). RT–
PCR was with the ﬁrst strand primer Bh30NGAS1, followed
by PCR with primers Bh50NGS1 and Bh30NGAS1. Products
were resolved on 1% agarose gels with 1· TBE, and sub-
cloned into pBluescript for sequencing, all by standard
methods (32).
RESULTS
The B.h.I1 intron produces unexpected self-splicing
products
To examine self-splicing properties of B.h.I1, the B.h.I1(B)
sequence and its ﬂanks were cloned into pBluescript in two
segments to delete the ORF in domain IV (Methods). The
intron was transcribed in vitro and subjected to self-splicing
under conditions suitable for other introns [50 mM Tris
(pH 7.5), 2 M NH4Cl and 100 mM MgCl2]. Like previous
results for the related group II intron of S.agalactiae (14),
self-splicing was observed without lariat formation
(Figure 2A lane 2). Instead, products corresponded in size
to linear intron, ligated exons, and unligated exons, and
there were also bands of unknown composition that are
further investigated below.
A variety of reaction conditions were tested, which showed
that self-splicing occurs over a range of conditions, but that
products vary. Monovalent salt concentrations of 0.5–2 M
were suitable, with NH4Cl, (NH4)2SO4 and KCl producing
equivalent reactions (not shown). These salt requirements
are consistent with reactions of several other group II introns
(19–22), but different from aI5g, which is inhibited by high
concentrations of monovalent cations (33). Surprisingly,
reactions with NaCl produced multiple novel bands that ﬂuc-
tuated with NaCl concentration (lanes 5–7). Suitable MgCl2
concentrations were 10–100 mM, with maximal activity at
100 mM (lanes 2–3). Interestingly, the products of 10 mM
MgCl2 reactions differed from those of 100 mM reactions;
10 mM reactions produced substantially greater intron-
30 exon levels, and none of the bands shown below to be
internal cleavage product (ICP) and alternatively ligated
exons (lane 3). Thus, 10 mM MgCl2 supports greater ﬁdelity
in substrate recognition, while 100 mM MgCl2 supports
greater reactivity. The divalent ions Ca
2+ and Co
2+ did not
support activity (data not shown), but importantly 10 mM
Mn2+ resulted in signiﬁcant levels of a band migrating as
lariat (6% putative lariat, 94% linear intron; lane 4), thus
suggesting that B.h.I1 is capable of splicing via the branching
pathway under some conditions. To our knowledge this is
the ﬁrst group II intron capable of using Mn
2+ as a divalent
cation. Long exposures of the 100 mM MgCl2 reaction also
revealed a small amount of putative lariat (data not shown).
Unlike some other group II introns, the addition of
spermidine had no effect on the splicing reaction, and
did not enhance splicing at magnesium concentrations
under 10 mM (data not shown). The temperature optimum
was relatively high, at 55 C, while activity was supported
from 43–65 C (data not shown). Based on these data, we
chose a standard splicing condition of 50 mM Tris (pH 7.5)
2MN H 4Cl, and 100 mM MgCl2 at 55 C for 15 min. In alter-
native reaction conditions, 100 mM MgCl2 was substituted
with 10 mM MgCl2,o rN H 4Cl was substituted with 0.5, 1.0
or 2.0 M NaCl.
A time course of the self-splicing reaction under standard
reaction conditions showed that the products formed within
the ﬁrst two minutes were linear intron and ligated exons,
while other bands accumulated subsequently (Figure 2B).
This suggests that linear intron and spliced exons are the ini-
tial reaction products, while some of the other bands may be
secondary products formed from the initial products. One of
these products has a size of   600 nt (termed ICP; see below)
and accumulated over 2 h to become the major RNA in the
reaction.
To identify the product bands, three methods were used:
(i) altering the length of the 30 exons in the precursor RNA
to shift product sizes in the gel; (ii) blotting of the splicing
products onto membranes and hybridizing with probes
speciﬁc to either intron, 50 exon or 30 exon sequences; and
(iii) primer extension using intron- or exon-speciﬁc primers,
and with either total reaction products or gel-puriﬁed
RNAs. Bands readily identiﬁed were linear intron, ligated
exons, lariat and intron-30exon. The lariat’s branch point
was not mapped and is assumed to be the bulged A in domain
VI (Figure 1); however, other circular forms could comigrate
at the same position in the gel and cannot be excluded as
products (26,34). The alternatively ligated exon bands were
conﬁrmed by RT–PCR and sequencing of gel-puriﬁed
RNAs (below). The ICP was more difﬁcult to identify, and
was ultimately determined to represent a mixture of truncated
RNAs comigrating on the gel, which were formed by either 50
or 30 truncations of linear intron. This conclusion was initially
supported by hybridization and 30 exon lengthening experi-
ments, which showed the ICP to contain only intron and
not 30 exon sequence (data not shown). Primer extension of
gel-puriﬁed ICP showed two 50 termini. Ninety-one percent
of 50 ends were the native 50 GUGUG start of the intron,
while 11% represented an internal truncation at +68 relative
to the start of the intron (data not shown). The +68 truncation
is consistent with the ICP gel migration, while the native 50
end is not, and would require a 30 truncation to account for
its gel migration. Truncations from the 30 ends were deter-
mined by primer extension of total reaction products, using
a primer complementary to intron domain 6. Cleavages
were detected at positions  107,  99 and  81 relative to
the intron 30 end (Figure 2C). The occurrence of these cleav-
ages corresponds to the doublet formed under NH4Cl condi-
tions (81, 99 nt truncations yielding 594 and 577 nt products;
see Figure 2A lane 2) and with the single band under NaCl
conditions (107 nt truncation, 566 nt RNA; Figure 2A lanes
5–7). In comparison, the +68 cleavage produces a 607 nt
band, which may be too faint to detect in Figure 2A;
however, the +68 cleavage is very important because it corre-
sponds to an alternative ligation product (below). Impor-
tantly, the positions of the ICP cleavages correspond to
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at a potential IBS1 sequence directly downstream of a
stem–loop (domain IB in the secondary structure, Figure 1),
while the  107,  99, and  81 cleavages are positioned
after potential IBS1 sequences, but without obvious upstream
stem–loops (Figure 2C).
The mechanism of cleavage may be an SER-related
(spliced exon reopening) reaction, in which incomplete
reverse splicing of excised intron into an exon junction results
in cleavage of the two exons without covalent linkage of
intron to the exons (33). Alternatively, the +68 cleavage
could be due to the aborted usage of the internal site as a
50 exon; although this possibility seems unlikely, it is
supported by an alternative ligation product at the +68 site
in a subsequent experiment (below). Additional bands
in Figure 2A and B were not mapped, but may correspond
to analogous cleavages after other cryptic IBS1 sequences.
Similar noncognate product bands have been reported for
Figure 2. Self-splicing products under different conditions and identification of bands. (A) B.h.I1(B) transcript was self-spliced in standard conditions of 100 mM
MgCl2, 50 mM Tris (pH 7.5) and 2 M NH4Cl at 55 C for 15 min, or in alternative conditions with substitutions of 10 mM MgCl2 or 10 mM MnCl2 for 100 mM
MgCl2, or 0.5, 1.0 or 2 M NaCl for 2 M NH4Cl. RNA size markers are indicated to the left in nucleotides, and product identifications to the right are explained
in the text. (B) Time course of the self-splicing reaction under standard conditions, illustrating the initial formation of linear intron and ligated exons, and
subsequent accumulation of other products. (C) Sequences and structures of the RNA cleavages produced in the self-splicing reaction. Arrows indicate cleavage
sites at: the exon–intron junction of B.h. I1(B); the ICP cleavages at  107,  99 and  81 relative to the 30 end of the intron; and the ICP cleavage at +68 relative
to the 50 end of the intron. EBS1 pairings of the intron are shown above the exon sequences.
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containing KCl, but not NH4Cl. These RNAs were secondary
products of the spliced intron, and at least some were shown
to be internal cleavages within spliced intron (19). We did not
examine whether noncognate products were affected by the
deletion of sequence in domain IV.
To address whether these unexpected reaction products are
general to bacterial class C introns, we tested splicing of three
other bacterial class C introns. The S.meliloti intron S.me.I3
self-spliced accurately in vitro to produce linear products
but not lariat (data not shown). In contrast, the A.vinelandii
intron A.v.I2 produced mainly lariat, with a small amount
of linear intron. The Streptococcus pneumonia intron S.p.I1,
which is 90% identical to the splicing-competent GBSi1
ribozyme (14), failed to splice in vitro under any conditions
tested (data not shown). Together, the four self-splicing
examples (B.h.I1, GBSi1, S.me.I3, A.v.I2) suggest that self-
splicing through hydrolysis will be a common property for
bacterial class C introns, but will not be the exclusive
pathway. In addition, the introns S.me.I3 and A.v.I2 showed
multiple bands upon self-splicing that might correspond to
noncognate splicing products, analogous to B.h.I1, but these
products were not characterized further.
Alternative ligation events involving the 50 exon
Accurate ligation of exons was tested by RT–PCR ampliﬁca-
tion of total reaction products and sequencing. Surprisingly,
DNAs of two sizes were ampliﬁed, whose ratios were depen-
dent on salt conditions in the splicing reaction (Figure 3A).
Splicing reactions with 2M NH4Cl produced a predominant
RT–PCR product of 400 bp, which is the expected size for
accurate exon ligation, and which was conﬁrmed by sequen-
cing (Figure 3B). However, reactions with 0.5 or 2M NaCl
produced a 324 bp band at substantial levels, which upon
sequencing was found to represent an alternative splicing
event in which the normal 30 exon is spliced to a cryptic 50
splice site located 76 bp upstream of the intron (Figure 3B
and C). At this point, the band labeled ‘alternatively ligated
exons’ in Figure 2 was excised from a gel, RT–PCR ampli-
ﬁed, and sequenced to conﬁrm its identity. Interestingly,
examination of the  76 site showed it to contain an IBS1
sequence preceded by a stem–loop (Figure 3C). The stem–
loop it is predicted to form by MFOLD (35) despite its two
bulges (data not shown).
To expand sampling of alternative splicing events, approxi-
mately 100 individually cloned RT–PCR products were
examined for insert size by PCR, using products from all
three reaction conditions in Figure 3A. Nearly all PCR
products comigrated with the 324 and 400 bp bands; how-
ever, 17 bands did not, and were sequenced. Four of these
(representing four of the  100 initial clones) in fact had a
new 50 splice site, either at position  72 (3 clones), or posi-
tion  51 (1 clone) (Figure 3C). The other 13 junctions were
wild-type. Both of the minor ligation sites followed IBS1
sequences (UAG and UUGG), with the  72 position being
downstream of a stem–loop. A fourth alternative splice site
was later found for an intron having a mutated IBS1 motif
(DtermDIBS1, described below). Together, these data show
that B.h.I1 can utilize 50 splice sites that are not adjacent
to the 50 GUGYG start of the intron, and ligate the cryptic
50 sites to a 30 exon. This is a highly unexpected property
not reported for other group II introns.
Mutations and sequence variations in the 50 exon
Because of the implied role of the stem–loop motif in 50 exon
recognition, we examined its contribution more thoroughly
through mutagenesis and sequence variations. First, another
intron copy was tested, B.h.I1(X), because it has different
ﬂanking exons compared to the other four B.h.I1 copies. In
the 50 exon of B.h.I1(X) is a mispaired stem–loop lacking
an extended run of U’s, and the IBS1 provides only 3 bp
with EBS1 (Figure 4A). The 30 exon, although different
from B.h.I1(B), is not expected to affect the reaction
because it has the IBS3 pairing that is critical for 30 exon
recognition. Self-splicing of B.h.I1(X) transcript produced
linear intron and other products, but notably no ligated
exons (Figure 4B). Importantly, even RT–PCR failed to
detect ligated exon products (data not shown). These observa-
tions suggest that the 50 exon sequence has a profound effect
on the splicing reaction, and that there are determinants in
addition to the IBS1–EBS1 pairing that specify the 50 exon,
since the IBS1–EBS1 pairing is only mildly weakened in
this variant. Failure to produce ligated exons is most likely
due to dissociation of the 50 exon from the intron after the
ﬁrst step of splicing.
Next, a mutant of B.h.I1(B) was tested that lacks the
terminator stem–loop but has an intact IBS1 sequence
(Dterm; Figure 4A). Splicing products of this mutant are
similar to B.h.I1(X) in that no ligated exons are produced
(Figure 4B). Importantly, self-splicing of Dterm RNA under
conditions of 10 mM MgCl2 produced a dramatic accumula-
tion of intron-30 exon intermediate compared to wild-type
intron under the same conditions. This ﬁnding strengthens
the argument that the stem–loop affects the anchoring of
the 50 exon to the intron after the ﬁrst step of splicing, and
that the 50 exon may dissociate if this interaction is disrupted.
Mutations of IBS1 sequence had a different, more drastic
effect. Very similar products were seen for two constructs
mutated either for IBS1 alone (DIBS1), or for IBS1 and the
terminator together (DtermDIBS1) (Figure 4B). Many unex-
pected products were formed, presumably due to the hydro-
lysis at cryptic IBS1 sites in the absence of a proper IBS1. The
exact nature of the bands has not been determined, but primer
extension experiments showed that at least some products
have native 50 intron termini (data not shown). Most impor-
tant is the fact that no correctly ligated exons were detected
in gels (Figure 4B), and RT–PCR ampliﬁcation revealed
only an alternative ligation corresponding to the joining of
the correct 30 exon to the +68 site internal to the intron, as
shown in Figure 3B and C. In this mutant, the absence of a
usable IBS1 sequence resulted in recognition of a cryptic 50
site within the intron, at +68, which is the same position as
the +68 cleavage in Figure 2B and C. Therefore, the intron
can use an internal site as a 50 exon, as well as the distant
upstream site at  76.
A converse mutation was made, in which the EBS1
sequence was mutated to CCCC while leaving the IBS1
unchanged. Again the normal splicing reaction was blocked,
and the major product was a cleavage in the 50 exon (starred
band in Figure 4B), which was identiﬁed by primer extension
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cryptic IBS1 sequence GGGG (Figure 4A). This cleavage
reaction is analogous to ICP formation, in that the intron
recognizes and cleaves at an IBS1 sequence, but the cryptic
exon is not ligated to a 30 exon. RT–PCR did not detect
any exon ligation for this mutant, indicating that a strong
IBS1 interaction alone is not sufﬁcient for ligation to the
30 exon. Notably, there is no ICP formation for the EBS1
Figure 3. Cognate and alternative exon ligation events during in vitro splicing reactions. (A) RT–PCR of exon junctions produced in self-splicing reactions. Self-
splicing was under standard conditions with 2 M NH4Cl, or with 0.5 or 2 M NaCl. RT–PCR detected two splicing products of 400 bp and 324 bp, whose
proportions varied with ionic conditions. (B) Sequencing of ligated exon products. Sequences are shown for the exon-exon junctions of the 400 bp and 324 bp
bands in Panel A, and also for the major ligation product formed for the DterminatorDIBS1 mutant described in Figure 4. (C) Sequences and structures of ligated
exons. Structures are shown for: the exon–exon products of a cognate splicing reaction (WT); the upstream alternative splicing events at  76,  72, and  51
(relative to the exon–intron junction); and the internal splicing event +68 (relative to the exon–intron junction). EBS1 and EBS3 interactions are drawn above the
exon sequences. The +68 stem–loop is present in the native secondary structure, although recognition of the stem may require unpairing of a–a0.
Nucleic Acids Research, 2006, Vol. 34, No. 22 6467Figure 4. Mutations and sequence variations in motifs involved in 50 exon recognition. (A) Diagram of variations tested: B.h.I1(B), wild-type exons; B.h.I1(X),
exons from the B.h.I1(X) site with a mispaired stem rather than a canonical rho-independent terminator motif; Dterm, deleted terminator stem–loop; DIBS1,
mutated IBS1 motif; DtermDIBS1, deleted terminator stem–loop and mutated IBS1 motif; mEBS1, mutated EBS1 motif in the intron. Numbers indicate the
length of the 50 leader (vector sequence and native exon combined). The line above the B.h.I1(B) sequence shows the positions corresponding to the
complementary oligonucleotide added to the reaction in Panel C. The arrow for mEBS1 indicates the cleavage produced during the splicing reaction. (B) Self-
splicing reactions of the variants tested. Each set of lanes shows unspliced transcript incubated without magnesium (left) and intron transcript spliced under
standard conditions with either 10 mM or 100 mM MgCl2. The asterisk denotes the cleavage at  69 in the 50 exon, which was determined by primer extension.
Unligated 50 exons cannot be seen in panel B for the constructs Dterm, DIBS1, DtermDIBS1 and mEBS1 because the exons are too short, and unligated 30 exons
are too short to be seen for all constructs. (C) Self-splicing in the presence of an oligonucleotide that pairs with the terminator stem–loop. An oligonucleotide
complementary to the terminator stem–loop of B.h.I1 was added to intron transcript during the denaturation/renaturation step, to disrupt the stem–loop structure
(Panel A). The disruption resulted in an increase in unligated 50 exon, and intron-30 exon intermediates.
6468 Nucleic Acids Research, 2006, Vol. 34, No. 22mutant, because the altered EBS1 sequence no longer pairs
with the cryptic IBS1 targets in the intron, thus corroborating
the deduced mechanism of ICP formation. Together, these
IBS1 mutations underscore the primary importance of the
IBS1–EBS1 interaction, and suggest that when a proper
interaction cannot form, the EBS1 interacts with cryptic
IBS1 sequences to produce cleavages.
As a ﬁnal investigation of the effect of the terminator
structure on splicing, an oligonucleotide complementary to
the stem–loop was added to the splicing reaction to inhibit
formation of the stem–loop (Figure 4A). RNase H digestion
of the primer-annealed RNA conﬁrmed formation of the
RNA–DNA heteroduplex (data not shown). Using this
assay, it was found that increasing levels of oligonucleotide
resulted in substantial increases in both unligated 50 exon
and intron-30 exon intermediate (Figure 4C), suggesting that
disruption of the stem–loop causes a barrier after the ﬁrst
step of splicing. Unexpectedly, ligated exon levels did not
change greatly, but this is explained by the carrier effect of
the oligonucleotides during ethanol precipitation, which pro-
duced greater recovery in lanes with more oligonucleotide,
but which should not produce differential recovery of RNA
species. Consistent with these explanations, phosphorimaging
quantitation of bands in the gel showed that the two products
of the ﬁrst step of splicing (50 exon + intron-30 exon signals
combined) increased from 16.7% of the ﬁve bands in lane
2, to 34.9% of the ﬁve bands in lane 10. These data support
the idea that disruption of an interaction between the
ribozyme and stem–loop antagonizes the ability of the ribo-
zyme to anchor the 50 exon after the ﬁrst step of the
reaction, and further implicates the stem–loop in 50 exon
recognition.
DISCUSSION
We have characterized a IIC ribozyme for its self-splicing
reaction and uncovered novel properties, including the ﬁrst
examples of alternative 50 splicing events for a group II
intron, and evidence that IIC introns differ from IIA and
IIB introns in recognition of their 50 exons. To our know-
ledge, this is the ﬁrst example of a wild-type group II intron
that can utilize 50 splice sites nonadjacent to the canonical
GUGYG start of the intron. In fact, four nonadjacent splice
sites were detected in our reactions, and one of these occurred
at high efﬁciencies under certain ionic conditions. The ﬂexi-
bility of the ribozyme to act on distant exons has important
implications for 50 exon recognition for IIC introns, and
also suggests new approaches in engineering IIA and IIB
introns to act in trans on other RNA molecules.
Significance of the noncognate splicing products
Although the unexpected ribozyme reactions are remarkable
and informative with regard to 50 exon recognition, they
probably do not occur in vivo. In vivo, the reaction is facili-
tated by the maturase (RT) protein, which is expected to
affect product ﬁdelity. Indeed, recent experiments reconstitut-
ing a maturase-assisted reaction for the B.h.I1 intron detected
none of the unusual products found in this study, but only the
expected canonical splicing products (A. R. Robart, W. Seo
and S. Zimmerly, manuscript submitted). In addition, the
in vivo spliced exons detected by RT–PCR ampliﬁcation
and sequencing of RNA isolated from B.halodurans cells
showed only correct splicing events for B.h.I1 (W. Seo and
S. Zimmerly, unpublished data). B.h.I1 has been determined
to be expressed in vivo by  1% termination readthrough;
W. Seo and S. Zimmerly, unpublished data. Therefore, splic-
ing of B.h.I1 in vivo is expected to exhibit the accuracy seen
for other group II introns, rather than the unusual products
seen in the RNA-alone reaction.
Nevertheless, the ability to utilize nonadjacent splice sites
should be kept in mind when considering the diversity of
group II introns in nature. Already there are two reports of
unexpected 30 splice sites, one of which resembles recog-
nition in trans. The B.ce.I4 intron utilizes a 30 splice site
56 nt downstream of the expected splice site, as detected
by RT–PCR and sequencing, which permits the downstream
ORF to be translated in frame with the upstream exon (27). In
a less dramatic example, in vivo splicing was found to occur
to a low extent at a minor site 4 nt downstream of the
expected 30 boundary, which again fuses upstream and down-
stream exon ORFs (24). Unexpected 50 splice sites are also
suggested for introns that lack strong IBS1 pairings. For
example, a nonadjacent 50 splice site is suggested by LSUI5
of Agrocybe aegerita mitochondria, which lacks IBS1 and
IBS2 pairings directly upstream of the 50GUGYG, but has a
good IBS1 match 23 nt upstream (36).
Mechanism of 50 exon recognition
It is perplexing that IIC introns recognize their 50 exons
through only 3–4 bp (IBS1–EBS1), as predicted based on
their secondary structures (Figure 1). Thus the 50 exon-intron
interactions are reduced from 12 bp for IIA and IIB introns to
3–4 bp for IIC introns. This drastic difference raises the ques-
tion of how the 50 exon is recognized, and whether there is a
compensating interaction that substitutes for the IBS2–EBS2
pairing. A second possibility is that IIC introns are simply
less stringent in their 50 exon recognition compared to IIA
or IIB introns. The latter possibility should be considered
seriously because IIC introns do not reside within ORFs,
and consequently host gene expression should not be affected
by the accuracy of exon ligation, or even whether splicing
occurs. Along this line of reasoning, the only purpose of
splicing for IIC introns is to generate an RNP complex capa-
ble of carrying out mobility, which is a property demon-
strated biochemically for this intron (A. R. Robart, W. Seo
and S. Zimmerly, manuscript submitted). As long as some
amount of this RNP complex is produced, the element
should be able to survive as a selﬁsh DNA element. Never-
theless, only accurate exon ligation events are detected
in vivo (W. Seo and S. Zimmerly, unpublished data) or in
a maturase-assisted reaction (A. R. Robart, W. Seo and
S. Zimmerly, manuscript submitted), indicating that exon
deﬁnition occurs accurately in vivo for IIC introns in spite
of the lower information content in the 50 exon pairings.
We suggest here that a second 50 exon–intron interaction
occurs for IIC introns and contributes to 50 exon recognition,
namely a non-Watson–Crick interaction between intron and
the terminator stem–loop in the 50 exon. This interaction is
clearly less critical than IBS1, because some splicing events
occur without the stem–loop motif (Figure 2), whereas this is
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concentrations can suppress the absence of the stem–loop to
some extent, while IBS1 mutations abolish correct splicing
(e.g. Dterm, DIBS1 in Figure 4B). The paramount importance
of IBS1 is consistent with properties of IIA and IIB introns.
Some IIA and IIB introns have weak or missing IBS2–EBS2
pairings, and mutagenesis of IBS1 sequences has much more
drastic effects than mutations of IBS2 sequences (9,37,38).
The involvement of the stem–loop in 50 exon recognition is
supported by several accumulated lines of evidence. Most
striking is the ﬁnding that in reactions with NaCl, the pre-
ferred ligation event occurs at a cryptic site at position  76
having a stem–loop and IBS1 motif, rather than the wild-
type site. This perplexing observation indicates that under
certain conditions, the intron prefers a distant, noncognate
50 exon over the normal sequence and position. Two other
alternative splicing products ( 72 and +68; Figure 3) show
the same phenomenon of cryptic exon ligations occurring
at stem–loop/IBS1 motifs, together suggesting that both
elements are involved in 50 exon recognition.
In a second line of evidence, cleavages were detected at
noncognate stem–loop/IBS1 motifs, again identifying these
motifs as imperfect 50 exons. Such cleavages were seen at
the +68 internal cleavage site (Figure 2C), and in self-splicing
reactions of B.h.(X) (Figure 4A). Both of these reactions can
be seen as the failure to ligate cleaved exons after the ﬁrst
step of a splicing reaction. In both reactions, a cryptic 50
exon motif is recognized by the ribozyme, but the ribozyme
cannot react fully to ligate the 50 exon, and so a break is pro-
duced in the RNA. The +68 cleavage could alternately be
seen as an SER-type cleavage reaction, although the fact
that ligation can occur at that position indicates that it is rec-
ognized as a 50 exon at least in some instances. The B.h.I1(X)
reaction is particularly important in this argument, because
there is no detectable exon ligation, even using RT–PCR.
The IBS1–EBS1 pairing is weakened by only 1 bp in this
variation, and it seems unlikely that this by itself would obli-
terate exon ligation. Hence the 50 exon sequences upstream of
IBS1 are implicated in the failure of exon ligation in this
context.
The third line of evidence implicating the stem–loop comes
from the experimental disruption of the motif. Deletion of the
terminator stem (Dterm mutation) results in the inability of
the intron to ligate the exons (Figure 4), an unexpected result
if IBS1 alone is required for exon ligation. Further, at 10 mM
magnesium concentrations for this mutant, there is an accu-
mulation of unligated intron-30 exon intermediate, indicating
a block in the second step that is rationalized as the dissocia-
tion of the 50 exon because of disrupted contacts. In contrast,
wild-type intron is still able to produce ligated exons at
10 mM (Figure 4B). The oligonucleotide inhibition experi-
ment also supports an interaction between the stem–loop
and ribozyme, because the 50 exon sequence is unchanged.
Together, these lines of evidence clearly show that the
splicing reaction is inﬂuenced by 50 exon sequence in addi-
tion to IBS1, and strongly suggest that the stem–loop is rec-
ognized by the ribozyme in an interaction that substitutes to
some extent for the missing IBS2–EBS2 interaction in IIC
introns. The data also suggest that the spacing between the
stem–loop and IBS1 is not critical, because among the differ-
ent reactions, splice sites are observed in the range of 3–11 nt
downstream of the stem–loop. It is notable that not all stem–
loops are equivalent in the ribozyme reactions. For example,
it is not readily obvious why the bulged  76 stem–loop com-
petes with wild-type exon for exon ligation, while the B.h.(X)
stem–loop interferes with exon ligation. Further insight into
the nature and signiﬁcance of these interactions awaits
more thorough mutagenesis and biochemical experiments.
Evolutionary implications
There now appear to be three different modes of exon recog-
nition for group II introns. IIA introns rely on IBS1, IBS2 and
d0 pairings; IIB introns rely on IBS1, IBS2 and IBS3 pairings;
and IIC introns rely on IBS1 and IBS3 pairings, and puta-
tively on a new nonpairing interaction with a stem–loop.
The question arises as to what form of exon recognition
was ancestral, and how the three varieties of ribozymes arose.
While it is not possible to answer this issue at present, the
best line of evidence is based on the observation that the
RNAs and ORFs of group II introns largely coevolved (8),
thus allowing one at least in principle to follow evolution
of the ribozyme by following evolution of the RT ORF.
By this criterion, the earliest branching class of introns is
most likely to be bacterial class C (IIC RNA structure),
which is inferred from RT trees that were outgroup rooted
with RTs of retrons or non-LTR elements [(39); D. Simon
and S. Zimmerly, unpublished data]. Even if this conclusion
is borne out with the accumulation of more evidence, one still
cannot infer decisively the properties of the ancestral
intron, because all lineages have diverged since their split.
For example, the ancestral intron might have had IBS1 and
IBS2 interactions, with IIC introns losing IBS2 and gaining
a stem–loop interaction. Or, the ancestral intron might have
had only IBS1 and IBS3 interactions, with IIA and IIB introns
acquiring the IBS2 interaction and IIC introns acquiring a
stem–loop interaction. Hence, what seems clear now is that
IIC introns are the most divergent and unusual of known
self-splicing group II ribozymes.
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